A small drug that inhibits P-TEFb kinase activity. It is used to characterize pausing and elongation complexes, and to measure elongation rates genome-wide.
It has become increasingly evident that transcription elongation by RNA polymerase II (Pol II) is a highly regulated process. Regulation occurs both during early steps of elongation through Pol II pausing and after Pol II is released to enter a phase of productive elongation. During the initial steps of elongation, Pol II can pause and accumulate at very high levels in the promoter-proximal region, 30-60 nucleotides downstream of the transcription start site (TSS; reviewed in REFS 1,2) (FIG. 1) . This is a key rate-limiting step for transcription that is potentially subject to regulatory control, and can act as a quality checkpoint for transcript 5ʹ-capping and Pol II modification before productive elongation 1, 2 . Genome-wide studies have indicated that Pol II pausing is a common regulatory step in the transcription of developmental genes and of genes involved in stimuluscontrolled pathways (such as heat shock protein 70 (Hsp70), discussed below) 1, 2 . Pol II pausing at promoter-proximal regions depends on the core promoter features that recruit Pol II to this region 3, 4 (FIG. 1a) . It involves promoter-associated transcription factors (TFs) that function with negative elonga tion factor (NELF) and DRB-sensitivity-inducing factor (DSIF) 1, 2 to stabilize the paused Pol II. In some cases, nucleosomes may also contribute to pausin g [3] [4] [5] ( FIG. 1a) .
Release of paused Pol II is mediated by the positive transcription elongation factor-b (P-TEFb) complex, comprising cyclin T1 and cyclin-dependent kinase 9 (CDK9) 6, 7 . P-TEFb is recruited to promoters through direct or indirect interactions with specific TFs and cofactors (FIG. 2) , and phosphorylates the carboxy-terminal domain (CTD) of Pol II at Ser2, as well as NELF (which is evicted from Pol II upon phosphorylation) and DSIF (which then becomes a positive elongation factor) 1, 2, 6 (FIG. 1a). The direct recruitment or artificial tethering of P-TEFb to the Hsp70 promoter, where Pol II is normally stably paused and highly accumulated at the promoterproximal region, leads to high levels of gene body transcription in the absence of a heat shock stimulus 8 . These and many other studies indicate that P-TEFb is the key regulator of early elongation steps [6] [7] [8] . P-TEFb can be found in two states: as part of an inhibitory complex, or as an active complex that phosphorylates pausing factor s and the Pol II CTD 7 . Thus, the emerging model is that the level of pausing depends on the balance between pausing factors (such as NELF, DSIF, the +1 nucleosome and the core promoter elements) and activating factors (discussed below) that either recruit P-TEFb to paused Pol II, or activate P-TEFb.
After Pol II is released from the promoter-proxima l pause site, it commences productive elongation. Interestingly, elongation following Pol II release is more complex than initially thought. Elongation rates can vary between and within genes [9] [10] [11] [12] [13] [14] , and seem to play a part in co-transcriptional processes such as splicing and transcription termination, as well as in the maintenance of genome stability 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] . Multiple factors can modulate elongation rates, including histone marks and features of genes such as the number of exons 9, [11] [12] [13] . The development of methods that allow genome-wide measurements of elongation rates The CTD of Pol II, which is positioned at the end of the largest Pol II subunit, is an unstructured, yet evolutionarily conserved, domain that comprises many tandem copies of the consensus heptapeptide YSPTSPS. Phosphorylation of these repeats is crucial for the regulation of Pol II function.
of the role and regulation of elongation rates throughout the entire transcription cycle. As transcription initiation 23 and termination 24 by Pol II, and the effects of histone turnover on these processes 25 , have been the subject of other reviews in this Focus issue, here we discuss the dynamics of elongation by Pol II. We evaluate the many factors that modulate and regulate the early phases of transcription elongation by Pol II and the later phase of productive elongation throughout a gene. We focus on the molecular mechanisms that underlie promoter-proximal pausing of Pol II, and discuss the co-transcriptional processes that can be influenced by variations in elongation rates throughout a gene. Overall, we review the evidence indicating that transcription elongation by Pol II is not a static process, but a highly dynamic and importan t part of the transcription cycle.
Pol II pausing is a common feature of genes Over the years, it has been debated whether, following Pol II recruitment to promoters, transcription is rate-limite d at the level of initiation or of release from promoter-proximal regions into productive elongation 2, 26 . Overall, once recruited to a promoter, Pol II initiation and gene entry seem to be highly efficient, as little Pol II is detected in a pre-initiation complex (PIC) for most genes (FIG. 1b) . This was observed in a human myelogenous leukaemia (K562) cell line by chromatin immunoprecipitatio n-exonucleas e digestion (ChIP-exo), which maps the precise position of all DNA-associated Pol II 27 . It has also been observed in Drosophila melano gaster S2 cells by quantitative comparisons of ChIP follow ed by sequencing (ChIP-seq) and genome-wide run-on sequencing (GRO-seq) signals (TABLE 1) , which are assays that measure all DNA-associated Pol II or only the transcriptionally engaged Pol II 28 , respectively. These assays indicated that the bulk of promoter-associated Pol II on most genes is positioned on the pause region.
P-TEFb acts at all active genes.
A combination of genome-wide high-throughput sequencing methods (BOX 1; TABLE 1) and drug treatments that inhibit P-TEFb have suggested that P-TEFb-driven release of paused Pol II from promoter-proximal regions to begin productive elongation is a widespread and necessary step in transcription (FIG. 1a) . Studies have shown that inhibition of P-TEFb, which prevents Pol II release, blocks almost all transcription 9, 29, 30 . Thus, all active genes experience a potentially rate-limiting pausing step in the transcription cycle and require P-TEFb activity for gene body transcription. However, this pause step causes a significant accumulation of promoter-proximally paused Pol II only at a subset of active genes in untreated cells (40-70%, depending on the method and cell type) 3, 9, 29, [31] [32] [33] . Thus, presumably P-TEFb activity is simply not limiting on the remainder of genes that do not show accumulation of paused Pol II. This finding indicates that a pausingand P-TEFb-dependent release step could become a rate-limiting and potentially regulatory step at all active genes (FIG. 1b) .
Pausing helps to maintain active transcription. The fact that a large proportion of highly expressed genes show significant transcription pausing indicates that pausing is not a simple repressive step, but a crucial feature of active and open promoters. Indeed, when one of the main pausing factors, NELF, is knocked down, nucleosomes move towards and occupy the nucleosome-free regions at promoters at which TFs can bind efficiently, causing a decrease in the expression of these genes. Thus, pausing can function to maintain genes in an active state 34 . Also, DNA mutations in pausing regions that disrupt pausing on Hsp70 reduce the heat shock response 35 by making upstream promoter elements inaccessible to the heat shock factor (HSF) regulatory protein during heat shock 36 . Thus, promoter-proximal pausing is a feature of active, primed and highly regulated genes and contributes to maintaining the promoter in an open state that is accessible to TFs. (Pol II) is associated with promoters at, and just downstream of, the transcription start site (TSS). The transcriptional state, position and composition of Pol II are variable and depend on factors that contribute to recruitment, initiation, pausing and release of Pol II. Recruitment of Pol II by general transcription factors (GTFs) results in the formation of a pre-initiation complex (PIC). After rapid Pol II initiation and entry into the pause site, Pol II pausing by negative elongation factor (NELF) and DRB-sensitivity-inducing factor (DSIF) occurs, facilitated by the core promoter elements and the +1 nucleosome. Positive transcription elongation factor-b (P-TEFb) mediates the release of paused Pol II by phosphorylating NELF, DSIF and the carboxy-terminal domain (CTD) of Pol II. DSIF becomes a positive elongation factor after phosphorylation. b | The transcription cycle is predominantly regulated near the TSS, at the steps of recruitment of Pol II to promoters, and release from the promoter-proximal pause site. These steps are most variable in terms of rate (as indicated by the dark blue shading of the boxes defining the steps). Other steps, such as transcription initiation and entry to the pause site, as well as transcription termination from the pause site, seem not to be as variable in rate and less subject to regulation (as indicated by the lighter blue shading of the boxes).
+1 nucleosome
The first well-positioned nucleosome downstream of the transcription start site, which can form a barrier for elongating Pol II and might increase Pol II promoter-proximal pausing. The position of the +1 nucleosome depends on transcription, nucleosome remodelling, and DNA sequences.
Pre-initiation complex
(PIC). A complex consisting of general transcription factors and Pol II that binds at the transcription start site, before DNA melting and transcription initiation.
Open promoters
Promoters that are nucleosome-free and easily accessible to transcription factors and Pol II. These promoters are primed for, or undergo, active transcription.
DNA melting
The process of unwinding and 'opening' double-stranded DNA at the transcription start site by general transcription factors to form a transcription bubble, which allows initiation of Pol II activity.
General transcription factors
(GTFs). Factors that bind the core promoter region, facilitate DNA melting and transcription bubble formation, and position Pol II to initiate transcription and escape the promoter region.
Nonetheless, transcription regulation is complex, and examples in which initiation is rate-limiting have been reported (FIG. 1b) . For example, a recent study in lympho cytes reported that DNA melting by TFIIH was rate-limitin g in resting cells when Pol II was associated with the PIC 37 . Also, a study of human α1 antitrypsin gene expression during enterocyte differentiation showed that Pol II accumulated at the PIC and that this step was ratelimiting until developmental regulatory signals activated gene expression 38 . Therefore, although Pol II recruitment and pausing seem to be major rate-limiting and regulated steps in transcription, steps between recruitment and pausing can also be rate-limiting, at least in some cases.
Mechanisms that contribute to pausing Although the importance and pervasiveness of promoter-proximal pausing in higher eukaryotes is well documented, how this rate-limiting step is regulated is still subject to debate 26 . Promoter-proximal pausing of Pol II can depend on the rates of four reactions: recruitment of Pol II to the TSS; entry of recruited Pol II into the pause site; termination of this paused Pol II and release from the DNA; and release and progression of paused Pol II into productive elongation (FIG. 1b) . Below, we discuss how, and to what extent, these individual reactions contribute to pausing and overall transcriptional output. We first describe how transcription termination (FIG. 1b) contributes to the pausing mechanisms, and then discuss how Pol II is released from the pause site to continue productiv e transcription elongation.
Is productive transcription regulated by termination?
Two transcription termination-based mechanisms that regulate Pol II pausing have been proposed 39, 40 : decapping of the RNA protruding from paused Pol II, and transcription termination by XRN2-mediated RNA degradation and termination factor TTF2 (REF. 39); or the combined action of XRN2 and the Microprocessor complex 40 . Moreover, GDOWN1 (also known as GRINL1A) is thought to increase pausing by blocking the interaction of TFIIF with Pol II, but also by inhibiting termination of Pol II by TTF2 . However, genome-wide measurements of the stability of paused Pol II in D. mela nogaster cells 30 and mouse embryonic stem cells 9 indicate that Pol II has a stable average half-life of ~7 minutes, or almost 1 hour in a small subset of genes 44 . This makes it difficult to simulate the observed dramatic changes in transcriptional output by varying termination within the observed range at the promoter-proximal pause site (FIG. 1b) .
In the highly paused Hsp70 gene, transcription termination by paused Pol II does not decrease when the expression of the gene is induced by heat shock. Instead, termination increases as the overall initiation and release from pausing, and entry into a productive elongation increases more than 100-fold as a result of heat shock, indicating that the amount of terminating Pol II appears not to be regulated but simply proportional to concentration of promoter-proximal Pol II on Hsp70 (REF. 45 ). Although this is one example in which termination is relatively constant despite changes in transcription regulated at the level of paused Pol II, Hsp70 is a good model for the regulation of pause set-up and release, as the half-life of paused Pol II at this gene is similar to the half-lives of mammalian and D. melanogaster paused Pol II 9, 30, 45 .
It cannot be excluded that the regulation of paused Pol II occurs at the level of termination in a subset of genes. However, it has been observed that patterns of Pol II density on promoters and gene bodies change in response to heat shock, hormones, and developmental signals 10, 29, [46] [47] [48] [49] [50] , indicating that the two prominent regulatory steps during early elongation are Pol II recruitment to the promoter and the release of paused Pol II to productiv e elongation (FIG. 1b) .
Tethering Pol II to pause sites. The set-up of the pause site can depend on the core promoter elements, which recruit and tightly interact with general transcription factor s (GTFs) (FIG. 1a) . These GTFs subsequently attract Pol II and possibly form an 'anchor' (depending on the presence and positioning of core promoter elements) that prevents efficient release of Pol II from the promoter-proximal region 1, 3 . In this model, Pol II is recruited, rapidly initiates and transcribes for a short distance (FIG. 1; FIG. 2c ), 'scrunching up' the DNA 51 without breaking its contacts with the core promoter. This scrunching action was thought to have a role during early elongation and promoter escape, but before Pol II reaches the pause region 52 . However, a recent study suggested that in λ-bacteriophage there is scrunching following pausing at the promoter region 53 . This extended pause is an attractive model for a class of D. melanogaster promoters that display strong, proximal and tightly clustered pausing 3 . Indeed, core promoter elements such as the downstream promoter element (DPE) and the pause button are associated with significantly paused genes in D. melanogaster 54 , and capture Pol II efficiently to produce proximal-clustere d pausing when these and other core elements, such as TATA, are properly positioned at promoters 3 . Core promoter elements tend to be less well-defined in mammals, and elements that may facilitate pausing have not been identified. It is possible that mammalian genes may use DNA-binding TFs that interact with GTFs, thereby indirectly promoting the anchor strength 55 ( FIG. 2c,d) . Examples of such factors are described below. Alternatively, or in addition to, the +1 nucleosome could participate in pausing by creating an energy barrier for elongating Pol II (FIG. 1a; FIG. 2c,d ). Indeed, paused Pol II seems to push on the +1 nucleosome, which is indicative of a transcriptional block 4, 5 . Moreover, the position of the active site of paused Pol II seems to depend on the position of the +1 nucleosome downstream of the TSS, whereas the level of pausing is influenced by histone H2A.Z, as enrichment of H2A.Z seems to decrease pausing 5 . Conversely, paused Pol II may be preventing nucleo somes from entering the nucleosome-free region of open promoters. Indeed, knockdown of NELF and consequent reduced Pol II pausing decreases gene expression, because nucleosomes occupy the promoter regions and thus block the expression of these genes by preventing TF and GTF binding 28, 34 .
Enhancers
Regulatory regions that bind sequence-specific TFs and have potential transcription start sites and can interact with gene promoters three dimensionally to regulate gene expression.
Mediator
A multisubunit co-activator complex that can interact with TFs, GTFs and Pol II and is essential for transcription. Mediator has been shown to mediate interaction between enhancers and gene promoters, for example at super-enhancers.
Finally, a balance of pausing factors like NELF and DSIF, as well as factors that promote the release of paused Pol II by recruiting P-TEFb 56 , may determine the level of pausing and productively elongating Pol II (FIG. 1; FIG. 2c-e) . Paused Pol II is not likely to be fixed in one position but seems to undergo persistent rounds of transcription, pausing and backtracking, in which TFIIS cleaves the RNA of the backtracked and paused Pol II to realign the Pol II active site, ready to be released into productive elongation upon P-TEFb kinase activity 5, 33 . Although there is currently no strong evidence that the levels of NELF and DSIF on a promoter are regulated independently of the amount of paused Pol II, the recruitment of TFs and cofactors, and the activity of P-TEFb, can vary greatly upon activation of signalling pathways 57 . Moreover, the release of paused Pol II could be mediated by 3D DNA looping, which brings together promoters and enhancers 58 of paused genes; enhancers bind factors such as Mediator 59 , which can attract P-TEFb 60 and thus promote paused Pol II release (FIG. 2e) . Indeed, looping interactions between enhancers and promoters in the developing Drosophila embryo are associated with promoters showing high levels of paused Pol II 61 .
Overall, it seems that many regulated TFs and cofactors can either increase pausing or stimulate paused Pol II release (FIG. 2) , indicating that paused and productively transcribing Pol II levels are determined by the balance of factors regulating promoter entry and pausin g, and of factors that positively influence paused Pol II release.
Factors involved in setting up pausing
In addition to the NELF and DSIF complexes, which colocalize with and stabilize promoter-paused Pol II on most or all genes, an increasing number of TFs have been shown to have a role in pausing Pol II in a gene-and sequence-specific way. In D. melanogaster, GAGA factor (GAF) strongly promotes pausing at many genes, including Hsp70, potentially by remodelling nucleosomal architecture at promoters and allowing Pol II access to promoters 62, 63 , or by interacting with the GTF TFIID 4, 64 (FIG. 2a,b) or recruiting NELF 56 . Another pausing factor in D. melanogaster, M1BP, preferentially binds near the TSSs of constitutively expressed metabolic genes that contain moderate levels of paused Pol II. M1BP is often the only known TF associated with these genes, and it frequently binds promoters that do not bind GAF, indicating that these factors have a similar role at different genes 4 . In mammals, SP1, myoblast determination protein 1 (MYOD1), CCAAT box-binding transcription factor (CTF) and adenovirus E1A are considered to be DNA sequence-specific TFs that predominantly work by recruiting Pol II to the promoter region without stimulating the release of paused Pol II, thereby increasing the levels of paused Pol II 65, 66 (FIG. 2a,b) . The activation domains of other TFs, including viral protein 16 (VP16), CCAAT/ enhancer-binding protein (C/ EBP) and p53, have dual roles in setting up and releasing paused Pol II 65, 66 , and thereby in strongly activating productive transcription. Intriguingly, a mechanism that could explain such a dual role was recently proposed for tripartite motif-containing protein 28 (TRIM28): unphosphorylated TRIM28 stimulated pausing, and pause release was facilitated by its phosphorylation 67 .
Other factors that do not bind specific DNA elements can also influence pausing of Pol II and its release. GDOWN1, which tightly interacts with Pol II, may increase pausing by interfering with the binding of the positive elongation factor TFIIF [41] [42] [43] . Inhibiting P-TEFb activity can also increase pausing by decreasing P-TEFbmediated Pol II release. Polo-like kinase 1 (PLK1), a cell cycle regulatory factor that is most active during mitosis, was recently found to phosphorylate cyclin T1, thereby inhibiting CDK9 and potentially linking promoter-proximal pausing to the cell cycle 68 . Thus, both sequencespecific DNA-binding factors and other cofactors can influence the formation of paused Pol II.
Factors involved in the release of paused Pol II The most important factor in the release of paused Pol II is P-TEFb, which functions as part of an inhibitory complex together with MeCPE, LARP7, HEXIM1 or HEXIM2 and the small nuclear ribonucleoprotein (snRNP) 7SK, a non-coding RNA (ncRNA) 7 , or functions as an active complex that interacts with TFs and cofactors and phosphorylates pausing factors and the CTD of Pol II 7 . Thus, regulation of paused Pol II release primarily takes place through the recruitment and activatio n of this kinase complex.
The primary factors that form the activating comple x with P-TEFb are bromodomain-containing protein 4 (BRD4) and the larger super elongation complex (SEC) 69 ( FIG. 2d,e) . BRD4, which competes for binding to P-TEFb with the P-TEFb inhibitory complex HEXIM-7SK, is recruited to TSSs via histone acetylation and in specific cases by interacting with acetylated NF-κB [70] [71] [72] [73] . The SEC -a large multisubunit complex that interacts directly with P-TEFb -comprises elongation factors such as eleven-nineteen Lys-rich leukaemia (ELL), elevenninetee n leukaemia (ENL) and AF4/FMR2 family member 4 (AFF4) 69, [74] [75] [76] [77] , and can vary in composition depending on cellular context and gene target specificity 78 . The SEC can interact with a subset of co-activators such as Mediator, polymerase-associated factor 1 (PAF1) and Integrator, the latter of which is a complex that interacts with the CTD of Pol II 60, [79] [80] [81] [82] . Moreover, the SEC can also colocalize with BRD4 at gene promoters 83 . The SEC and BRD4 predominantly mediate the recruitment P-TEFb, but their regulatory importance and composition with regard to paused Pol II release seems to vary across different genes, cell types and stimuli. Ultimately, recruitment of these cofactors depends on the TFs that bind to promoters or enhancers (FIG. 2d,e) .
Well-known DNA-binding TFs that interact with P-TEFb to release paused Pol II include MYC, a TF associated with cancer 29 , and NF-κB 10,84-86 . Indeed, MYC not only mediates pause release 29 , but the MYC gene is itself also regulated by release of Pol II into productive elongation. Therefore, drugs that indirectly inhibit MYC-mediated pause release (such as JQ1, which inhibits BRD4 binding to acetylated histones) are attractive therapeutic interventions for cancer [87] [88] [89] . NF-κB -the final TF of a pathway that is activated following, for example, stimulation of immune cells and stress response 90 -interacts with P-TEFb either directly after phosphoryl ation of Ser276 of the NF-κB subunit RELA 85, 91 , or indirectly through BRD4 after Lys310 acetylation of RELA 72, 73 (FIG. 2d) . Moreover, protein phosphatase 1G (PPM1G) may remove a phosphate group from the inactive form of P-TEFb to facilitate its release and activation from the inhibitory HEXIM-7SK complex after induction of the NF-κB pathway through an interaction with RELA 92 . Finally, genes encoding proteins at important regulatory nodes within the NF-κB pathway are often controlled by a rate-limiting pause step 93 , indicating that both the direct response to NF-κB activation and the modulation and fine-tuning of the components of the NF-κB pathway are regulated at the level of promoter-proximal pausing.
In addition to canonical TFs and elongation factors, the splicing factor SRSF2 has recently been shown to mediate the release of paused Pol II. SRSF2 interacts with the inactive P-TEFb complex via HEXIM-7SK and is recruited to genes that encode an exon-splicing enhancer (ESE). SRSF2 binds to the RNA protruding from paused Pol II at these loci and activates P-TEFb, thereby stimulating the release of paused Pol II 94, 95 . Interestingly, this Enhancer RNAs (eRNAs). RNAs that derive from the transcription of enhancers. Some of these enhancer-derived RNAs contribute to enhancer function.
links the recruitment of co-transcriptional splicing machinery to the regulation of early elongation steps in the transcription cycle, supporting the hypothesis that pausing is not only a regulatory point for controlling transcription levels, but that this regulation may be coupled to a quality checkpoint to ensure the proper assembly of the transcription and co-transcriptiona l processing machineries 2, 95 .
3D chromatin looping modulates pause release
Although regulation of paused Pol II release occurs predominantly at the promoter-proximal region, it is becoming evident that 3D promoter-enhancer interactions also play an important part in promoterproximal pause release. Indeed, promoter-enhancer looping, which seems to be relatively stable throughout development, has been associated with paused Pol II in D. melanogaster 61 . Moreover, NF-κB is inducibly associated with 'super-enhancers' (REFS 96,97), immediately followed by BRD4 recruitment to the enhancer and BRD4-dependent release of paused Pol II at target genes 98 (FIG. 2d,e) .
Enhancers and super-enhancers are thought to regulate transcription by interacting with genes through a looping mechanism that seems to depend on Mediator 96, 97 . Interestingly, Mediator interacts with the SEC, providing a potential mechanism by which enhancers can facilitate the release of paused Pol II at genes 60 (FIG. 2e) . Moreover, ncRNAs can activate transcription by inducing Mediator-dependent chromatin looping, indicating that ncRNAs other than the 7SK snRNP may have roles in paused Pol II release 99 (FIG. 2e) . This is furthe r supported by the finding that some enhancer RNAs (eRNAs), which are a mark of active enhancers 55 , form a decoy for the RNA recognition motif of NELF. NELF is thought to increase pausing by interacting with RNAs protruding from paused Pol II 100 , and eRNAs seem to facilitate NELF eviction from the paused Pol II complex 101 . However, it is unclear how this novel concept should be reconciled with the known dominant role of P-TEFb kinase activity in pause release to productive elongation at virtually all genes 9, 29 . Finally, looping at paused genes could be mediated by cohesin, a protein complex that generates chromatin loops usually associated with enhancers 102 . Cohesin interacts with genes that are paused and active, and its knockdown reduces the release of paused Pol II into the gene body 102 , presumably by interfering with looping between enhancers and gene promoters. Overall, the regulation of the early steps of elongation seems to be increasingly sophisticated and involves the interplay of DNA-binding TFs, chromatin looping, large multisubunit cofactor complexes, post-translational modifications and possibly ncRNAs to mediate the release of transcriptionall y competent Pol II into the gene body (FIG. 2) .
Moving on to productive elongation After Pol II is released from the promoter-proximal region, productive elongation commences. This process is variable, as elongation rates differ between genes by as much as threefold 9, 10, [12] [13] [14] . This variation can have considerable effects on mRNA accumulation, which could affect the timing of developmental regulatory processes 103 . Moreover, productive elongation is not very efficient within the first kilobase of mammalian genes (FIG. 3a) , as indicated by the increase in Pol II elongation rates from ~0.5 kb per minute within the first few kilobases, to 2-5 kb per minute after ~15 kb 9, 10, [12] [13] [14] . This may be due to the gradual accumulation and modification of components of the transcription machinery. For instance, phosphorylation of Ser2 of the Pol II CTD does not reach a maximum until a few kilobases into the gene body 104 . Furthermore, pausing factors, such as NELF, DSIF and GDOWN1 (REFS 1,41-43), may be gradually transformed or removed from the transcriptional machinery. This gradual 'maturation' of the transcription machinery could facilitate the recruitment of factors that are importan t for co-transcriptional events such as splicing.
It has become clear that the transition from paused to productively elongating Pol II is not an ON-OFF switch. Even after Pol II has transcribed an extensive part of the gene body, further impediments may still affect transcription elongation rates. Slowdown of Pol II can be caused by the presence of exons 3, 9, [11] [12] [13] , and by mRNA cleavage and polyadenylation sites 3, [20] [21] [22] 31, 32, 105 (FIG. 3a) , probably through distinct mechanisms, and may be necessary to complete co-transcriptional mRNA splicing and 3ʹ-end processing. Indeed, co-transcriptional splicing has been estimated to take 20-30 seconds in vivo,
Box 1 | Methods to measure elongation rates
Transcription elongation has long been understudied in the transcriptional research field, partly because elongation rates are difficult to measure. Measuring elongation rate requires the quantification of the distance travelled by nascent transcribing polymerases as a function of elapsed time (TABLE 1) . Nascent transcription can be measured on a gene-by-gene basis by monitoring the production of intronic RNA 127 , or by assessing the levels and position of chromatin-bound RNA 128 . Methods such as genome-wide run-on sequencing (GRO-seq) provide snapshots of the position and quantity of engaged RNA polymerase II (Pol II) genome-wide by quantification of short run-on RNA that can be isolated with biotin-or bromo-tagged nucleotides that are incorporated during run-on 3, 9, 12, 13, 31 . GRO-seq combines nuclear run-ons, in which engaged Pol II incorporates bromo-tagged nucleotides after removal of impediments, and is followed by RNA isolation and next-generation sequencing. GRO-seq can be converted to precision run-on sequencing (PRO-seq) with single nucleotide resolution by using biotin-tagged nucleotides.
Furthermore, Pol II can be tagged with fluorescent proteins, and the rate of fluorescence recovery after photobleaching (FRAP) at a single locus or at multiple loci provides information on elongation rates 45, 106, 109, 129 . Chromatin immunoprecipitation followed by sequencing (ChIP-seq) of Pol II is also indicative of nascent transcription, as most chromatin-bound Pol II is transcriptionally engaged 28 . However, ChIP-seq of Pol II is often associated with high background levels within gene bodies, and its use is restricted to highly expressed genes. The monitoring of elapsed time necessary to measure elongation rates is achieved by inhibiting Pol II release from pause (with flavopiridol or DRB) 9 (FIG. 3b) , or by inducing transcription in a highly synchronous and timed manner (with, for example, tumour necrosis factor or oestradiol, or wash-out of inhibitory drugs) 10, [12] [13] [14] (FIG. 3c) .
The distance Pol II travels after inhibition or induction in a defined time period is a direct measure of elongation rates at either single genes, or throughout the genome. Because the resolution of the 'wave' of retreating or emerging Pol II (FIG. 3b,c) is a composite profile of a large population of molecules, the leading edges may be smoothed, which limits the use of these methods to relatively long genes. Regardless, the timed inhibition or induction of transcription followed by the detection of nascent transcription is a vast improvement over methods that were previously used to measure elongation rates.
Histone chaperones
Proteins that facilitate the movement of Pol II through chromatin by loosening the nucleosome-DNA interactions and then restoring these in the wake of Pol II.
R-loops
An RNA-DNA hybrid structure formed during the transcription of a sequence with high GC-content that has the potential to pause Pol II. R-loops are associated with transcription termination and genome instability.
which is consistent with the delay in Pol II elongation caused by an exon 9, 106 . Thus, transcription through the gene body is subject to dynamic changes in elongation rate from start to finish (FIG. 3a) .
Variations in transcription elongation rate could be caused by different, not necessarily mutually exclusive, factors: histone marks can tighten or loosen DNA binding around nucleosomes, restricting or facilitating Pol II transcription efficiency, respectively; elongation factors, histone chaperones and nucleosome remodellers can facilitate Pol II movement through chromatin by alleviating pausing and stalling during elongation; and some DNA sequences may be more difficult to transcribe than other s owing to their DNA topology (for example, G-rich DNA that could result in R-loops).
Some of the histone marks associated with the gene body are ubiquitylation of histone H2B (mediated by the E3 ligase ring finger 20 (RNF20)), acetylation of H3 at Lys56 (H3K56; mediated by histone acetyltransferase RTT109), trimethylation of H3 at Lys36 (H3K36me3; mediated by the methyltransferase SET2) and dimethylation of H3 at Lys79 (H3K79me2; mediated by the methyl transferase DOT1) 25, 107 . These histone marks could affect Pol II movement along chromatin directly, by loosening the interaction between nucleosomes and DNA 108 , or indirectly, by forming a platform for histone chaperone binding, and subsequent histone or nucleosome removal and restoration in the wake of elongating Pol II 1, 25, 107 . Examples of such histone chaperones are FACT, SPT6, ASF1, nucleosome assembly protein 1 (NAP1) and chromatin-remodelling complexes such as chromatin-helicase DNA-binding protein 1 (CHD1) 1, 25 . SPT6 depletion decreases elongation rates at Hsp70 (REF. 109 ), but whether other histone chaperones directly affect elongation rates remains unclear.
Recent genome-wide elongation rate studies (BOX 1) have uncovered that H3K79me2, H2B ubiquitylation and H4K20me1 positively correlate with elongation rates 9, 12, 13 . Interestingly, RNF20 was recently shown to facilitate stabilization of the early elongation complex, through interaction with the H4K16 histone acetyltransferase MOF, P-TEFb and the elongation factor PAF1 in D. melanogaster 110 . This is in line with the preferential H2B ubiquitylation of the intron 1 region of genes in mammals 111 , which is also the region where Pol II elongation is still slow and possibly requires the presence of elongation factors and histone marks that could increase elongation efficiency 9, 10, [12] [13] [14] . Many of these important elongation and chromatin maintenance factors have been discussed in a recent review 25 . Interestingly, the helicase RECQL5 modulates elongation rates seemingly without altering nucleosomes. RECQL5 directly interacts with Pol II and seems to inhibit elongation, as knockdown of this helicase increases elongation rates. However, RECQL5 knockdown also increases deletions in the genome and re arrangements, suggesting that well-controlled elongation is important for genome stability 14 . Other factors that affect elongation are elongin and TFIIS, which reduce or resolve co-transcriptiona l stalling 112 . 4sU, 4-thiouridine; ChIP-seq, chromatin immunoprecipitation followed by sequencing; FRAP, fluorescence recovery after photobleaching; GRO-seq, genome-wide run-on sequencing; Pol II, RNA polymerase II; PRO-seq, precision run-on sequencing; RT-qPCR, reverse transcription quantitative PCR. *This method offers insufficient resolution on short genes. Elongation through exons. Low-complexity DNA sequences and relatively low CG content are associated with higher elongation rates 9, 10, 12, 13 . By contrast, exons have the strongest negative effect on elongation rates, delaying transcription through a gene by 20-30 seconds per exon 9, 106 . It is difficult to tease apart what causes the delay at exons, as exons have numerous characteristics that may affect elongation rates. For example, CG content is increased at exons 113 , as is nucleosome occupancy 114, 115 . Interestingly, AT-rich regions surrounding exons also seem to negatively affect elongation rates, and can increase subsequent splicing. This can be countered by the DBIRD complex (formed by DBC1 (deleted in breast cancer 1) and ZNF326 (zinc-finger protein 326; also known as ZIRD)), which interacts directly with Pol II and facilitates elongation through AT-rich exons, thereby increasing exon skipping 116 .
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Moreover, exons are enriched for specific histone marks that are associated with reduced elongation rates (H3K36me3 and H4K20me1), whereas other marks are mostly enriched within the first intron (H2B ubiquitylation and H3K79me2) and associated with higher elongation rates 111, 117 . Finally, increased H3K9me3 and its associated phosphorylated heterochromatin protein 1γ (HP1γ) at exons can promote the inclusion of alternatively spliced exons by decreasing Pol II elongation rates 118 . Overall, the observed slowdown of Pol II at exons could increase splice site recognition and facilitate co-transcriptional splicing. Indeed, slowing down Pol II (either through mutation of the active site, or chemically) decreases exon skipping in humans and yeast 11, 17, 119, 120 . Alternatively, splicing itself may influence the local elongation rate and account for a slowdown of Pol II that occurs precisely at the 3ʹ splice sites of D. mel anogaster introns 3 , possibly via a mechanism reminiscent of that in Escherichia coli, where nascent RNA duplex formation near the RNA exit channel directly causes RNA polymerase to pause transiently 121 . Although Pol II slowdown near exons seems to promote splicing in many cases, it was recently reported that slow elongation rates can increase exon skipping, by recruiting splice repressor ETR3 (also known as CELF2) 15 . Thus, elongation rates have a more complex role in splicing than originally thought and probably affect the interplay of competing and cooperative interactions of secondary RNA structures and RNA-binding factors.
Elongation during the termination process. Pol II pauses after transcription through the poly(A) site and before termination (as further discussed in REF. 24 ), as evidenced by increased Pol II density around the poly(A) site 3, [20] [21] [22] 31, 32, 105 . The pausing of Pol II is thought to increase transcription termination efficiency by allowin g the RNA exonuclease XRN1 (known as Rat1 in yeast) -which degrades the unprotected 5ʹ end of the RNA after poly(A) cleavage -to 'overtake' and displace Pol II 22 . Recently, a model to describe termination-associate d pausing was proposed, in which transcriptiondependen t R-loops attract the Dicer-Argonaute RNA interference machinery. This machinery promotes the deposition of H3K9me2 over termination pause sites, increasing pausing and therefore termination 21, 122 . Thus, H3K9 methylation seems to be a histone mark that can interfere with efficient elongation at both exons and termination sites.
Conclusion and perspectives
The regulation of promoter pausing and Pol II speed during productive elongation have a key role in regulating the level and timing of RNA production. The challenge is to understand how, in molecular terms, the numerous potential players discussed in this Review execute both the regulation and mechanics of elongation. The emergence of high-resolution methods that measure both the density of elongating Pol II and elongation rates across the genome (BOX 1; FIG. 3) provides unprecedented opportunities to monitor these processes, both The changes in density of engaged Pol II, and the relative Pol II elongation rates, are indicated on the y-axis and the green shading. Pol II is slowest at the promoter-proximal pause site, and speeds up after release from the pause site over a region of approximately 15 kb. Further variations in elongation rates are measured around exons (blue bars), where Pol II slows down, and at the site of termination, where Pol II pauses to enable efficient termination. Factors that affect the rate of transcription by Pol II are listed. Slowdown around exons might be orchestrated by a combination of CG content, nucleosome occupancy, histone marks and splicing factors that are enriched at exons. Pausing of Pol II near the polyadenylation site at the 3ʹ ends of genes could be caused by a combination of R-loops, histone marks and termination factors. b | Elongation rates can be measured by determining nascent transcription after a block of release of new Pol II into productive elongation in a timed manner; the distance travelled by the 'retreating wave' of Pol II that is already productively elongating within a period of time is indicative of the elongation rate. c | Elongation rates can also be measured by determining nascent transcription after wash-out of inhibitory drugs; the distance travelled by the 'emerging wave' of newly released productive Pol II within a period of time is indicative of the elongation rate.
MLL-ELL fusions
A fusion formed between the MLL gene (which encodes mixed-lineage leukaemia) and the ELL gene (which encodes eleven-nineteen Lys-rich leukaemia) that greatly increases the leukaemogenic potential of a cell.
in normal conditions and under conditions in which candidate factors or features of the genome are perturbed, as exemplified by a recent study 14 . The power of studying elongation rates of many genes simultaneously with statistical significance and the ability to correlate these with genome-wide data on histone marks and TF location has already provided insights 9, 10, [12] [13] [14] . However, a full understanding of elongation and its regulation requires systematically disrupting elongation factors, histone marks and features of the genes that have been implicated in these processes and assessing the consequences. The use of highly specific drugs to rapidly disrupt the function of specific factors, together with high-resolution genome-wide methods (BOX 1; FIG. 3b,c) , should allow a mechanistic assessment of the immediate (first-order) role of factors in vivo. These drugs could be either small molecules, which have been used successfully to inhibit catalytic activities such as that of P-TEFb 9, 14, 29, 30 , or larger RNA and protein aptamers 123 that disrupt macro molecular protein-protein, protein-DNA or protein-RNA interactions that are crucial for transcription regulation. Finally, as more and more factors are implicated in early and productive transcription elongation, the connection to human disease is increasingly being recognized (reviewed in REF. 124 ). Already, BRD4 has been identified as a potential therapeutic target in cancer 125 , and the SEC is known to form MLL-ELL fusions after translocations in leukaemia 69, 77 . Inhibition of BRD4 with small drugs, such JQ1, has shown promising results in cancer, by targeting MYC expression 87, 89 , or in cancer and inflammation, by disrupting BRD4 occupancy at super-enhancers and thereby blocking transcription 88, 98, 126 . Promoter-proximal pausing and elongation mechanisms will almost certainly have a role in diseases beyond cancer, and these too need investigation.
